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Abstract— In this paper we propose an interleaved spread spectrum orthogonal frequency division multiplexing (ISS-OFDM)
transmission scheme and demonstrate its reduced peak-toaverage power ratio (PAR). The proposed ISS-OFDM signal is
realized by two steps. The ﬁrst step is to modulate the data
symbol by complex exponential spreading and the second is to use
an interleaving technique to spread the signal spectrum as well
as reduce the signal peak-to-average power ratio. The distinctive
features of the proposed method are that in the frequency domain
the same data information is carried by a number of subbands to
effectively spread the signal spectrum and in the time domain the
spread signal components are not constructively added together
so that signal peaks in the transmitted waveform are avoided.
This principle of PAR reduction is unique compared with other
techniques such as selected mapping (SLM), partial transmit
sequences (PTS), and clipping. With the increase of the number of
signal subbands, the PAR performance is improved signiﬁcantly.

I. I NTRODUCTION
Orthogonal frequency division multiplexing (OFDM) technique has attracted signiﬁcant attention due to its simple implementation by employing the Inverse Fast Fourier Transform
(IFFT) operation and its extended symbol duration to combat
intersymbol interference (ISI). It has found wide applications
such as digital audio/video broadcasting (DAB/DVB), wireless local area networks (WLAN) (e.g., IEEE802.11a/g and
Hiperlan II), and wireless personal area networks (WPAN)
(e.g., MB-OFDM) [1,2]. More recently, OFDM has been
considered as one of the most promising techniques to be
applied to the adaptive frequency sharing management systems
in prospective cognitive radio communications [3].
However, OFDM has some drawbacks which prevent it
from being used for low power and low cost applications.
One of the major disadvantages is the large peak-to-average
power ratio (PAR) of the transmitted signal, which renders
a straightforward implementation very costly and inefﬁcient.
Especially, when the number of subcarriers becomes large,
the PAR of the transmitted signal is sometimes unacceptable.
The cause of a large PAR in conventional OFDM system is
partially related to how the OFDM signal is formed. Consider
the case when the signal frequency band is divided into N
subcarriers and the frequency separation between subcarriers
is 1/T , where T is the OFDM symbol time duration. The
data to be transmitted are split into streams, each of which
modulates a corresponding subcarrier. The N streams are modulated in parallel on closely-spaced subcarriers. The practical

implementation of this process is performed using IFFT to
generate a sampled version of the composite time signal. When
the large number of signals from different subcarriers is added
together, the signals with the same phases at the same time
instants will produce high amplitude peaks. Compared with the
average signal power, the instantaneous power of these peaks
is very high, making the ampliﬁer of the transmitter work
in non-linear range, which signiﬁcantly degrades the system
performance [4].
In order to reduce the PAR and improve OFDM system
performance, some different algorithms have been proposed,
such as selected mapping (SLM), partial transmit sequences
(PTS) [5,6], interleaved OFDM (IOFDM) [7], and block
coding and clipping with ﬁltering [8]. For the SLM method,
the basic idea is to have N statistically independent vectors
representing the same information before modulation. After
modulation and ﬁltering, the time domain symbol with the
lowest PAR is selected for transmission. PTS is based on the
same principle as that of SLM, except that the transformation
vectors have a different structure. The clipping technique is
the most straightforward way to deal with the PAR problems,
by just clipping the signal with amplitudes over a certain
threshold, but it results in a large amount of noise. These
methods, except for clipping, are the same in principle, i.e.,
they generate some redundant signals bearing the same information and then select the best vector with the lowest
PAR. A common problem for these algorithms is that they
need to transmit a number of side information so that the
receiver can recover the original information, which causes
the transmission data rate loss. Another main drawback is the
huge cost of computational complexity for choosing a good
vector with the lowest PAR [9].
In this paper, we propose an interleaved spread spectrum orthogonal frequency division multiplexing (ISS-OFDM) signal
by spread spectrum modulation and interleaving techniques
with signiﬁcant PAR reduction. The ISS-OFDM signal is
generated by two steps. The ﬁrst step is to modulate the data
information by complex exponential spreading and the second
is to spread the signal spectrum by interleaving [10]. At the
transmitter, each data symbol modulates the corresponding
subcarriers multiple times, and several different samples bearing the same data information can be obtained. The replicas
of the same data information are interleaved into a serial
sequence and then transmitted in different time slots. Assume
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that N data symbols in parallel modulate N subcarriers to
produce N samples at each time slot. The produced N samples
are not added together. Instead, they are interleaved pseudo
randomly according to a certain pseudorandom code. Then,
they are transmitted on different time slots respectively. After
this spread spectrum modulation, an N × N matrix of data
samples is generated, and then interleaved [7,10,11]. In this
way, the number of the total samples in one ISS-OFDM symbol increases greatly, which results in reduced signal power
spectrum density if the total signal energy remains unchanged.
At the same time, the PAR is reduced signiﬁcantly. At the
receiver, the received signal replicas in different subbands can
be used to recover the data information by employing Fast
Fourier Transform (FFT) without using any side information.
In the rest of this paper, we ﬁrst describe the transmitter
model of the ISS-OFDM system in Section II. Then detailed
ISS-OFDM signal generation and PAR reduction principle
are given in Section III. In Sections IV we evaluate the
PAR performance and present the simulation results. Finally,
concluding remarks are drawn in Section V.
II. SYSTEM MODEL
Fig. 1 displays the transmitter model for the ISS-OFDM system, which consists of the QPSK mapper, complex exponential
spreading (CES) module, interleaver and ﬁlter. The function
of the transmitter is to generate a transmitted signal, called
ISS-OFDM signal. In the transmitter, the complex QPSK data
symbol sequence is ﬁrst divided into an N by 1 vector, where
N is the number of subcarriers. Then, the vector with N
data symbols modulates N subcarries in parallel by using
CES operation, by which each data symbol modulates its
corresponding subcarrier. After the modulation, an N × N
matrix is formed, the modulated subcarriers in the matrix are
interleaved and placed on different time slots to form a serial
sequence. The sequence is pulse shaped by passing through a
root raised cosine ﬁlter and thus an ISS-OFDM signal y(t) is
generated.
Time domain samples of the transmitted signal in the
equivalent complex valued low-pass domain are approximately
Gaussian distributed due to the statistical independence of
carriers. Resulting PAR of y(t) can be written as
ξ=

max |y(t)|
2

2

E[|y(t)| ]

(1)

where max |y(t)| is the maximum instantaneous power of
2
the ISS-OFDM signal and E[|y(t)| ] is the expected value of
2
|y(t)| .
Note that the actual PAR of the continuous-time ISS-OFDM
signal can not be determined by using Nyquist sampling
rate. Otherwise, the signal peaks are often missed and PAR
reduction estimates are unduly optimistic. In order to evaluate
the PAR performance of the transmitted signal, we oversample the signal by a factor of four, which is sufﬁcient to
produce accurate PAR [11].
III. TRANSMITTED SIGNAL GENERATION AND
PAR REDUCTION
A. Complex Exponential Spreading
For convenience of description, we will discuss signal
generation of one ISS-OFDM symbol only. Let ai (i =
0, 1, · · · , N ) denote the ith symbol of the N QPSK complexvalued symbols required to be transmitted. The N QPSK
symbols are modulated by CES modulator, and then interleaved. Assume that the ISS-OFDM symbol period is Ts ,
fi = Tis denotes the ith subcarrier frequency of the N
orthogonal subcarriers, and ai modulates the ith subcarrier
n
Ts , n = 0, 1, · · ·, N − 1, where n is the time
at time t = N
index. The modulated symbol on the ith subcarrier and at the
nth time instant is written as follows,
yi (n) = ai ej2πfi t
= ai ej2πni/N .

(2)

In an ISS-OFDM symbol period Ts , each element of the N ×1
data symbol vector modulates the N samples of the same
corresponding subcarrier N times. N elements in the vector
generate an N × N sample matrix after CES modulation.
Mathematically, the matrix can be expressed as
⎞
y0 (0), y0 (1), · · · , y0 (N − 1)
⎟
⎜ y1 (0), y1 (1), · · · , y1 (N − 1)
⎟=
[yi (n)] = ⎜
⎠
⎝
·········
yN −1 (0), yN −1 (1), · · · , yN −1 (N − 1)
⎛
a0 ej2π0∗0/N , a0 ej2π0∗1/N , · · · , a0 ej2π0∗(N −1)/N
⎜ a1 ej2π1∗0/N , a1 ej2π1∗1/N , · · · , a1 ej2π1∗(N −1)/N
⎜
⎝
·········
aN −1 ej2π0∗0/N , aN −1 ej2π0∗1/N , · · · , aN −1 ej2π0∗(N −1)/N
(3)
⎛

⎞
⎟
⎟.
⎠


2π
2π
Let WN = e−j N , and WN−ni = ej N ni , where WN−ni
n
denote the ith sub-carrier at the N
Ts time instant, and
⎞
⎛
a0 , 0, · · · , 0
⎜ 0, a1 , 0, · · · , 0 ⎟
⎟.
Diag(ai ) = ⎜
⎝
··· ⎠
0, 0, · · · , aN −1
Thus, Equation (3) can be rewritten as,
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[yi (n)] =

−(N −1)∗1

aN −1 WN0 , aN −1 WN

−(N −1)∗(N −1)

, ..., aN −1 WN

= Diag(ai ) × WN−ni .

In order to spread the signal spectrum and at the same time
reduce the probability of occurrence of large signal peaks in
the transmitted signal, the samples in the N × N matrix are
interleaved to form a serial sequence of length N 2 in the
time domain. Each of the samples is placed on a certain time
slot. Here, different interleaving algorithms can be employed
such as pseudo random interleaving, periodic interleaving and
convolutional interleaving. In the following, we discuss the
periodic interleaving only. The periodic interleaving can be
realized by taking out the N samples in columns of the matrix
and then placing the N modulated samples on different time
slots respectively. In fact, the effect of the interleaving also
introduces certain phase shifts in different subcarriers. For
instance, the ith subcarrier of the N subcarriers is shifted by
Ts
i·τ in time, where τ = N
2 is the sampling interval. That is, the
2π
phase of the ith subcarrier is shifted N
2 i. After interleaving,
th
the m sample in the ISS-OFDM symbol, denoted by y(m),
m = nN + i = 0, 1, · · · , N 2 − 1, can be mathematically
expressed as follows
N

i=1

n

yi (n)δ [m − i − nN ]

1, for m = nN + i
is the unit
0, for m = nN + i
impulse. Referring to Equation (2) and assuming m = nN +i,
y(m) can be simpliﬁed as the form

where δ [m − nN − i] =

y(m) = y(nN + i)
= yi (n)
= ai ej2πni/N

(5)

where m = nN + i, and n, i = 0, 1, · · · , N − 1.
From the above we see that instead of being superimposed
together the N modulated samples are interleaved periodically
and then added together in different time instants. Thus,
one ISS-OFDM symbol with N 2 samples is produced in the
symbol duration Ts , and the number of samples is increased
by N times. The sampling rate is increased to N 2 /Ts .
Consequently, the signal spectrum is spread N times and
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B. Phase Shifting and Interleaving

N
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Equation (4) indicates one way of implementing CES modulation, by which the N transmitted data symbols at the input
of the modulator are rearranged into the diagonal elements of
a diagonal matrix. Since the input signal of the modulator is in
the form of a diagonal matrix, the output signal is an N × N
sample matrix as denoted in Equation (3).

y(m) =

0
-1

2

······

⎟
⎟
⎟
⎠
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⎜
⎜
⎜
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Fig. 2.
Subcarrier shifting and interleaving in ISS-OFDM signals with
subcarrier number N=4.

the power spectrum density decreases to 1/N for the same
transmitted signal energy.
Fig. 2 displays the subcarrier shift in the time domain for the
ISS-OFDM transmitted signal when the number of subcarriers
N is equal to 4. It can be seen clearly that the modulated
samples on the ith (i = 1, 2, 3, 4) subcarrier are shifted i
intervals, so that the number of samples increases to N 2 from
the original number N after interleaving. We can observe that
the maximum power of the ISS-OFDM transmitted signal is
1, and there is no increase in the maximum power compared
to the individual subcarrier.
Fig. 3 shows the four subcarriers and their spectrum expansion in frequency domain. The subcarrier spectrum expansion
is due to the subcarrier shifting and interleaving in the time
domain. It is expected that after ﬁltering the probability of the
peak signal power above a certain threshold will be decreased
greatly compared with the conventional OFDM system. The
higher the number of subcarrriers is, the wider the subcarrier
spectrum expands.
C. Comparison of Transmitted Signals between ISS-OFDM
and Conventional OFDM
If we compare the transmitted signal power of the ISSOFDM with that of conventional OFDM systems, the difference is obvious. Assume that the total power of the transmitted
signal is P and N subcarriers are modulated by N QPSK symbols. In conventional OFDM systems, there are N modulated
samples produced within one OFDM symbol duration, and the
P
. In the ISS-OFDM system, due
power on each sample is N
to the signal spectrum spreading, there are N × N samples
produced within the same OFDM symbol duration, and the
P
. It is observed that the power
power on each sample is N ×N
on each individual sample in ISS-OFDM transmitted signal is
reduced to N1 of the conventional OFDM signal.
The difference in the signal power spectrum density between
the ISS-OFDM signals and OFDM signals can be also seen
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very clearly in Fig. 4, which shows the signal modulation
process and the resulting transmitted signals in the conventional OFDM system. We see that the at some time instants the
subcarriers are combined constructively and that the maximum
power of transmitted signal is 4, which is 4 times larger
than that of one individual subcarrier. It is expected that
the probability of occurrence of large signal peaks increases
greatly after pulse shaping by the transmitter ﬁlter.
IV. SIMULATION RESULTS AND ANALYSIS
A. ISS-OFDM Signals under Different Spreading Factors
Assume that the data symbol mapping scheme uses QPSK
and the number of subcarriers N = 32. The generated ISSOFDM signal has N 2 samples and contains N subbands, each
of which contains N subcarriers and carries the same data
information. The transmitter is designed so that M subbands
are selected, M (M = 0, 1, · · · , N ) respectively, and thus the
transmitted signal contains M subbands. This means that the

spectrum spreading factor is M . Fig. 5 shows the transmitted
ISS-OFDM signal waveforms with various spectrum spreading
factors M = 1, 2, 4, 8, 16 and 32 respectively. We assume
that data symbol has the same energy for different spreading
factors. It can be observed from Fig. 5 that with the increase
of the spreading factor the signal amplitude (power) necessary
for achieving the same bit error performance decreases.
B. PAR Simulation Results and Analysis
Under the same assumptions as above, we select the signal
bandwidth to contain M = 1, 2, 4, 8, 16 and 32 subbands
respectively (M is the spreading factor), and the ﬁltered signal
is oversampled by a factor of four, which is commonly used
to estimate the PAR of an analog signal from its samples.
When M = 1 , there is only one signal subband to be allowed
to pass through the ﬁlter, resulting in a conventional OFDM
signal. When M = 2, 4, 8, 16 and 32, respectively, i.e., the
spreading factor is M = 2, 4, 8, 16 and 32, the signal contains
M = 2, 4, 8, 16 and 32 subbands respectively.
According to (1) we can compute the PAR performance
curves. Fig. 6 shows the PAR performance of the ISS-OFDM
transmitted signal when PAR exceeds a certain threshold PAR0
with the increase of the spectrum spreading factor M from 1
to 32.
It can be seen from Fig. 6 that with the increase of
the number of subbands passing through the ﬁlter, the PAR
performance is improved considerably. The most right-handside curve shows the PAR performance of ISS-OFDM signal
when M is equal to 1, which is the same as that of conventional OFDM signal. As M increases to 2, 4, 8, 16, and 32
respectively, the PAR gains are 0.5dB, 1.5 dB, 3.5 dB, 5 dB
and 7 dB respectively.
C. Computational Complexity
Computational complexity for generating one ISS-OFDM
symbol can be also obtained. If we ignore the complexity
of the complex-valued addition, the total number of complex
multiplications for one ISS-OFDM symbol is 12 N × N logN
2 .
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For a conventional OFDM, one IFFT operation is employed so
that the total number of complex multiplications is 12 N logN
2 .
The computational complexity for generating an ISS-OFDM
symbol is increased N times. That is, signiﬁcant PAR gain is
obtained in ISS-OFDM signals at the cost of a slight increase
of computational complexity.
V. CONCLUSION
In this paper, we have investigated the PAR performance of
the ISS-OFDM system. It has been showed that the combination of complex exponential spreading and interleaving not
only spreads the signal spectrum but also reduces the PAR of
the resulting ISS-OFDM signal signiﬁcantly. It has been also
shown that the PAR performance can be improved up to 2 dB
once an additional subband is added to the signal spectrum.
Compared with other previous PAR reduction algorithms, ISSOFDM also effectively realizes a spread spectrum so that it
does not degrade the range of communications or need to
transmit side information. The proposed ISS-OFDM system
can be used for ultra-wideband communications. It is also
expected to be used in cognitive radio adaptive modulation
techniques.
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